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Bacterial reaction centers and photosystem II particles reduce N,N,N’,1V’-tet~methyt-p-phenylenediamine 
with a rate constant that depends on the state of the acceptor complex. We assume interference by detergent 
ta explain the dissimilar behavior of the two types of material. Using this assumption, we summarize: Q,, 
(with an empty QB site) is more reactive than Qi.X (with an occupied Qe site; X = quinone, herbicide, 
or, we assume, detergent). Qi.X is more reactive than QA.;. 
Reaction center (Rps. sphaeroides) Photosystem II Quinone reduction 
N,N,N’,N’-Tetramethyl-p-phenylenediamine 
I. ~NTR~DU~IUN 
PS II reaction centers and ph~~~~yn~het~c reac- 
tion centers of purple bacteria such as 
Rhadopseudomonas phaeroides bind quinone at 
two sites. The quinone bound at the ‘QA’ site serves 
as an electron acceptor for the photoactive por- 
phyrin part of the reaction center. It is bound 
tightly [I]. The quinone bound at the ‘QB’ site 
serves as an electron acceptor of QA. It leaves the 
reaction center frequently, but only as a quinone 
or dihydr~uinone~ not as a semiquinone [Z]. In 
PS II, the quinones are plastoquino~e {PQ) and in 
Rps. sphaero~d~, ubiquinone (Qlo). The main 
characteristic of both molecules is that they are 
strongly hydrophobic due to a long hydrocarbon 
side chain [3]. 
Herbicides such as DCMU (effective only for 
PS II), ametryn and terbutryn compete with 
A~bre~jut~~ns: TMPD, ~,~,~I,~~-tetramethyl-~- 
phenylened~am~ne; DCMU, 3-(3,4-dichlorophenyl)-l,f- 
dimeshylurea; Caps, 3-(cjrclohexyIamino)Fro~~~uI- 
fonic acid; Mess, ~-(~-mor~holino)ethanesulfon~c acid; 
LDAO, lanryld~meth~lam~ne M-oxide; PS, photosystem 
quinone for binding at the QB site and in this way 
prevent oxidation of QA f4,Sj. It is unclear, 
however, whether they interfere with the head 
group of the quinone or its bulky side chain. The 
latter assumption was favored by some authors 
[6,7]. To clarify this point we have examined the 
reduction of the small artificial acceptor TMPD’ 
in the absence and presence of herbicide. Our 
observations suggest hat herbicide does compete 
with this acceptor and prevents it from oxidizing 
QK via the Qe site. However, unlike PQ and Qlat 
TMPD+ can also oxidize QA via another route, 
bypassing the QB site. Surp~singly~ a third route of 
reduction of artificial acceptors, reduction by QG, 
is much slower than direct reduction by Q;;. 
2. MATERIALS AND METHODS 
Bacterial reaction centers were extracted from 
wild-type Rps. sphaeroides train Y as described 
[S] but with an extra DEAE-cellulose 
chromatography step. QB-less reaction centers 
were prepared according to Ukamura et al. f9]. 
The reaction center concentration was determined 
using ~sM)~ = 288 mM-‘*cm-’ [lo], 
PS if particles were prepared from spinach with 
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Triton X-100 and treated sequentially with NaCI 
and urea [fl] and NH@H. They were a gift from 
Dr N. Murata. The particies lack donor-side com- 
ponents beyond the secondary donor Z. We notic- 
ed that they also lack QB, In the absence of donors 
and acceptors, Z+ and QA back-react with a 
characteristic rate, producing luminescence. By 
comparing the flash-induced luminescence in the 
absence and presence of DCMU (fig-l), we 
estimate that -90% of the centers (assuming IOO% 
in the presence of DCMU) go no further than 
Z+ ‘QA, i.e. they do not form Zi .QB. 
FIash-induced absorbance changes were 
measured with a single-beam spectraphotometer of
local design. The actinic flashes were produced by 
a xenon flashlamp and were of -10~s half-time. 
3. RESULTS AND DISCUSSION 
3.1. Reduction of TMPD+ by @-less PS 11 
particles 
We used NH~~H/urea-washed particles that ap- 
pear to lack PQ at the Qa site (see section 2). mash 
iIlumi~ation of the particles oxidizes the secondary 
donor Z and reduces Qn_ In the presence of a mix- 
ture of TMPD and TMPDi, Z+ oxidizes TMPD 
and QA reduces TMPD+. We measured these reac- 
tions by monitoring dye absorbance at 570 nm. 
The oxidation of TMPD is more rapid than the 
reduction and is seen first. The rate constant for 
the reduction is -40 ~M-‘.s-~ (fig2A). In the 
presence of DCMU, the rate drops to 
-1.3 mM-’ - s- ‘. Exactly the same degree of in- 
t 
Y 
1s 
With Qn-less reaction centers, Q;; became reox- 
idized with a rate constant of -4 mM_’ -s-l 
(fig.3A). In contrast to PS II particles, this reac- 
tion was nearly insensitive to herbicide (fig.3) 
About the same rate of TMPD+ reduction was ob- 
tained with Qa-containing reaction centers when 
used at pH II (fig.3B). At this pH, electron 
transfer to Qn does not occur ft3f. The same rate 
was atso found with reaction centers at pH 8 when 
Qa was displaced by ametryn (fig.4, I). 
Fig. 1. Integrated Iuminescence of ~~~~~~urea-washed 
PS II particles. Integration was started 10 ms after 
ifhtmination by a single flash. Without or with RCMU 
(1 PM), as indicated. Hepes-NaOH, 2.5 mM (pH 7.5); 
NaCi, IO mM; versene, 10 pM; chl~r~p~~~l concentra- 
tion, 2 #g/ml. When Qa was present at pH 8, semiquinone ox- 
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Fig.2 Oxidation and reduction of TMPD by 
NHzOH/urea-treated PS fI particles. ~~~urn~~at~on by a 
single flash, MeslNaUH, 25 mM (pH 6.1); TMPD, 
5UOpM; K3fk(CN)6, 150pM; DCMU, OpM (A) or 
2.5 pM (B); chlorophyll, 60 Fg/ml. The recordings were 
corrected for baseline slant due to slow oxidation of 
TMPD by oxygen. Measuring wavelength, 570 nm; 
optical path length, 2 mm. We estimate l (TMPD* minus 
TMPD) = 11 mM-‘*cm-‘. We obtained this value by 
oxidizing TMPD with known amounts of ferricyanide. 
hibition is obtained with other inhibitors, e.g. the 
phenoiic inhibitor ioxynil (not shown). 
The above rest&s suggest hat in the absence of 
herbicides TMPD* reacts with Qls predominantly 
via the Qa cavity. The remaining reaction of lower 
rate in the presence of herbicide may bypass the Qa 
cavity. 
3.2, Reduction of TMPD’ by Rps. sphaeroides 
reaction centers 
Like PS II particles, bacterial reaction centers 
can use TMPD as an artificial donor and TMPD+ 
as an artificial acceptor. The rate constant for the 
reaction of P* with TMPD is -800 mM_’ -s-l (not 
shown). We measured Q- oxidation at 430 nm, a 
shoulder of one of the semiquinune absorbance 
hands [12j. Absorbance of the dye is negligible at 
this wavelength. 
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Fig.3. Semiquinone oxidation by TMPD+ after illumination by a single flash. (A) QB-less reaction centers 5f Rps. 
spltaeroides (2 pM). Tris-HCI, 50 mM (pH 8); LDAO, 0+03%. (-) Without addition, (---) with 500 FM ametryn; 
(a - - ) with 40 FM 46. (B) Qa-containing (non-depleted) reaction centers (3.6 PM). Caps-NaOH (pH ll), 50 mM; 
LDAO, 0.03%. (- ) Without addition, ( - - -) with 5OOpM ametryn; measuring wavelength, 430 nm; optical path 
Iength, 1 cm. 
idation was greatly retarded (fig.4, 0). Clearly, 
QB is less reactive towards ‘T’MFW than is QA. 
The ratio of the rate constants for oxidation of QA 
and QB was 12. This same value was found for the 
ratio of the charge-recombination rates of P+ with 
QA and QB, respectively (in the absence of TMPD; 
not shown). We conclude that essentially all QB 
oxidation by TMPD+ takes place via back-flow of 
electrons to QA. In other words, TMPD+ reduction 
is mainly controlled by the electron transfer 
equilibrium between QA and QB. Shopes and 
Wraight [i4] recently reached a similar conclusion 
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Fig,4. Rate of QA oxidation after a flash, as a function 
of the concentration of TMPD*+ Qa-containing (non- 
depleted) reaction centers of l?ps. sphuwoides (2pM). 
TMPD, 200 /rM; &Fe(CN}G, 0- 100 ,uM; ametryn, 0 pM 
(0) or 5OOpM (0). Other conditions as for fig.3. 
for oxidation of QB by the strongly hydrophilic ac- 
ceptor Fe(CN&. ft thus seems that QB is much 
less accessible, i.e. much more extensively covered 
by protein, than is QA. This conclusion contradicts 
an earlier suggestion by Debus et al. [IS]. 
Unlike PS fi particles, the bacterial centers 
never seem to reduce TMPD+ via the QB site. This 
apparent difference between the two types of parti- 
cle may be an artefact. Tentatively, we suppose 
that when the QB site is not occupied by QB or by 
herbicide, it is occupied by the detergent (LDAO) 
that is used to keep the bacterial centers in 
solution. 
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